Introduction. To evaluate the clinical response rate after a postoperative 18 F-FDG PET/CT guided external beam radiotherapy (EBRT) in Iodine-refractory differentiated thyroid cancer. Material and Methods. Patients with thyroid cancer locally recurrent after total thyroidectomy plus metabolic radiotherapy and treated with radical EBRT were included. Inclusion criteria were detectable thyroglobulin (Tg), negative postmetabolic radiotherapy whole body scintigraphy, and no surgical indications. The pretreatment 18 F-FDG PET/CT resulted positive in all cases (loggia, lymph nodes, and lung). EBRT was delivered with IMRT-SIB technique. A 18 F-FDG PET/CT revaluation and Tg dosage were performed 3 months after the treatment. Results. Sixteen consecutive patients were included in this analysis (median follow-up: 6-44 months). Post-EBRT 18 F-FDG PET/CT showed CR in 43.7%, PR in 31.2%, SD in 25.0% patients, and PD due to lung metastases in 12.5%. Overall response rate was 75.0% (CI 95%: 41.4-93.3%). Tg levels decreased in 75.0% with a median Δ of 68.0%. Two-year PFS and OS rates were 80.0% and 93.0%, respectively. Acute G3 toxicity occurred in 18.7% and late G2 toxicity in 12.5%. Conclusions. 18 F-FDG PET/CT was useful in target definition for radiotherapy planning, identifying positive areas not detected with 131 I scintigraphy. IMRT based EBRT was feasible and our results encourage future prospective studies. This clinical trial is registered with ID: NCT03191643.
Introduction
Differentiated thyroid carcinoma (DTC) represents more than 90% of all thyroid cancers [1] . DTC usually has a good prognosis with 10-year overall survival (OS) rate of approximately 95% for papillary and 85% for follicular carcinoma [2] . Despite this excellent outcome, up to one-third of patients show tumor relapse. The great majority of recurrences occurs at locoregional level [3] .
Surgical total thyroidectomy +/− central compartment and/or laterocervical lymphadenectomy, ablation with 131 Iodine (RAI), and suppression of the Thyroid-Stimulating Hormone (TSH) are considered the standard therapy for DTC, while the role of adjuvant external beam radiotherapy (EBRT) is still discussed based on the disease low clinical aggressiveness [4] [5] [6] .
After surgical treatment and ablation with 131 Iodine, serum thyroglobulin (Tg) and anti-Tg antibodies levels should be undetectable. An increase of their values is strongly suggestive of persistent or recurrent disease [7] . To localize the site of disease recurrence (surgical thyroid bed and/or regional lymph nodes), several imaging methods are generally used: neck ultrasonography (US), CT-scan, MRI, and 131 Iodine scintigraphy (WBS) [8] [9] [10] . Locoregional recurrence is potentially curable, especially if resectable and if it retains the ability to take up 131 Iodine. However, there is a subgroup of recurrences with negative 131 Iodine scintigraphy (WBS), also if performed after RAI. These neoplasms, with dedifferentiated cell features, represent approximately 2-5% of all thyroid cancers [11] and present an increased aggressiveness and a worst prognosis compared to well differentiated cancer, being responsible for a large percentage of thyroid cancer deaths [11] . This disease condition represents a "gray area" in thyroid cancer monitoring and management considering its less responsiveness to standard therapies [11] . This leads the clinicians to choose other treatments as EBRT in DTC tumors deemed unresectable. In these cases 18 F-FDG PET can guide the physicians in therapeutic decision. In fact a positive 18 F-FDG PET combined with high and increasing Tg serum values is an indicator of a higher histological tumor grade development and presence of locally recurrent and/or metastatic disease spread [12] [13] [14] . Its use is potentially useful not only to identify the recurrence sites, but also for target volumes definition in EBRT planning and to evaluate the disease response after therapy [15] . However, studies reporting the results of FDG PET guided EBRT in these patients are lacking.
Therefore, the aim of this study was to evaluate clinical response and outcome after EBRT in patients with locally recurrent DTC and negative 131 I WBS.
Material and Methods

Study
Design. This is an observational pilot study. The study was approved by the local ethics committee (Thyroid-COBRA).
End Points.
The primary objective of the study was to evaluate the locoregional response after 18 F-FDG PET/CT guided EBRT for patients with Iodine-refractory DTC recurrence. Secondary objectives of the study were to define progression-free survival (PFS), overall survival (OS), acute and late toxicity, and serum changes of the tumor marker (Tg value) after EBRT.
Eligibility.
Patients with locally recurrent thyroid cancer, treated with radical EBRT from October 2011 to January 2016 after total thyroidectomy +/− central compartment and/or laterocervical lymphadenectomy, previously treated with one or more cycles of RAI and TSH suppression were included in the study. Inclusion criteria were the following: detectable serum Tg level on Levothyroxine therapy (>1 ng/ml), negative post-RAI WBS, no surgical indications, and age ≥ 18 years.
Radiotherapy.
All patients underwent pretreatment 18 F-FDG PET/CT in supine position with head, neck, and shoulders immobilized by a thermoplastic mask. Image fusion was used to improve the accuracy of targets contouring with coregistration of unenhanced CT images with 18 F-FDG PET based on rigid anatomical fusion. The immobilization system was used both for treatment planning and for delivery. Planning PET/CT slices for each patients were obtained at 3 mm intervals from the vertex to the level of nearly half femur in the treatment position. Pretreatment 18 F-FDG PET/CT resulted positive in all patients: 2 in thyroid loggia, 2 in thyroid loggia and lymph nodes, 11 only in lymph nodes, and 1 in lymph nodes and lung.
Gross tumor volume-PET (GTV-PET) was manually defined on 18 F-FDG PET/CT images using visual interpretation as the increased FDG-uptake areas and a cut-off value of approximately 42% of the maximum intensity. Clinical target volume 1 (CTV 1) was defined as the GTV with a 5 mm expansion. Clinical target volume 2 (CTV 2) included the CTV 1, the thyroid loggia, and high risk lymph nodes (ipsilateral lymph nodes from II to VI level). Clinical target volume 3 (CTV 3) included low risk lymph nodes (contralateral lymph nodes from II to VI level). CTV 1, CTV 2, and CTV 3 were expanded into planning target volume (PTV) by adding a three-dimensional (3D) 5 mm expansion to account for setup uncertainties. In case of disease involvement of the VII neck level, patients received the radiation dose also at the upper mediastinum.
Also OARs (spinal cord, larynx, esophagus, and parotid glands) were delineated. Megavoltage EBRT was delivered with Intensity Modulated Radiation Therapy-Simultaneous Integrated Boost (IMRT-SIB) technique. IMRT plans were generated using the inverse treatment planning system (Pinnacle, Philips Healthcare, Fitchburg, WI) following the recommendation of ICRU report 83. The following dose-volume constraints were used: max < 45 Gy for spinal cord and larynx, mean < 34 Gy for esophagus, and mean < 26 Gy for both parotid glands. Isodose distributions in three planes (axial, sagittal, and coronal) and dose-volume histograms of PTV and OARs were used to guide plans optimization.
A total dose of 66 Gy (2.2 Gy daily fraction) was prescribed to PTV 1, 60 Gy (2 Gy daily fraction) to PTV 2, and 54 Gy (1.8 Gy daily fraction) to PTV 3. All PTVs were irradiated simultaneously over 30 fractions (1 fraction/day, 5
Journal of Thyroid Research fractions/week). Treatment was delivered with the step-andshoot technique and 6 MV photons using an Oncor linear accelerator (Siemens Medical Solutions, Malvern, PA, United States). To ensure the correct targets positioning during treatment, we used an EPID check before EBRT start and at least once a week. The targets position was checked comparing the megavoltage portal images produced by two perpendicular square open beams at 0 ∘ (anteroposterior) and 90 ∘ (lateral) with the corresponding digitally reconstructed radiography of the same beams generated by the treatment planning system (TPS). The verification was made by comparing the position of the bony anatomy landmarks compared to the treatment field. Deviations > 3 mm in the isocenter position were corrected. 
Results and Discussion
3.2.
Response. The first 18 F-FDG PET/CT performed after EBRT showed at locoregional level CR in 7 (43.7%), PR in 5 (31.2%), and SD in 4 (25.0%) patients. It showed also PD in 2 (12.5%) patients due to lung metastases (Table 3) .
Overall response rate was 75% (CI 95%: 41.4-93.3%). Clinical response (CR and PR) was 50% in local recurrences (loggia), 50% in loggia and lymph nodes, and 83.3% in nodal recurrences ( = .411). Metabolic pretreatment and followup images are shown in Figure 1 . Serum Tg levels evaluated on Levothyroxine therapy at the same time resulted in the following: in 12 patients (75.0%, including one with lung metastases), Tg was decreased (median Δ: 74.0%, Δ range: 14.7%-99.7% with 50% of Δ > 50%); in 1 patient (6.2%), Tg was stable and undetectable (patient with Hashimoto disease), and in 3 patients (18.7%, including 2 with lung metastases) it was increased (median Δ: 6.4%, Δ range: 3.2%-31.7%).
Outcome.
No patient showed local progression of the disease (LC rate 100%). Two patients (12.5%) with PR at first evaluation showed further response to therapy in terms of size and/or standard uptake value. No further distant metastases were detected during follow-up. Two-year PFS and OS were 80.0% and 93.0%, respectively ( Figure 2 ). During followup, 1 patient died of myocardial infarction.
Toxicity.
No patients presented G4 acute toxicity and the incidence of G3 acute toxicity was 18.7%. More specifically, 3 patients showed confluent and moist desquamation in the treated area. G3 skin toxicity was 0% in patients with boost delivered only on thyroid loggia, 6.2% in patients with boost delivered on the thyroid loggia and lymph nodes, and 12.5% in patients with boost only on lymph nodes ( = .064). In all cases, including patients with a greater treated area due to upper mediastinal irradiation, no severe skin toxicity occurred. In fact, radiotherapy was planned trying to exclude skin (minimum 5 mm) from the radiation field without bolus application. Only 1 patient (6.2%) presented acute G2 dysphagia and dysphonia with peristomal inflammation (he was the only patient with tracheostomy). G2 skin erythema was detected in 10 patients (62.5%). A complete report of acute toxicity rates is shown in Table 4 . Grade 2 late toxicity was recorded in 2 patients (12.5%) with moderate skin atrophy, telangiectasia, and moderate subcutaneous fibrosis. G1 fibrosis and G1 slight skin pigmentation were observed in 2 patients (12.5%). In particular, the 2 patients with G2 and 1 of the 2 patients with G1 late skin toxicity had previously presented a more severe acute cutaneous toxicity. Overall, a correlation between toxicity grade and site of recurrence (lymph nodes and/or loggia) was not observed.
Discussion.
In this study, we analyzed a small series of patients treated with 18 F-FDG PET/CT guided IMRT-SIB for locally recurrent dedifferentiated thyroid cancer. Interestingly, all patients showed a positive 18 F-FDG PET allowing target definition for EBRT treatment planning based on this imaging technique. The treatment was well tolerated with an overall response rate of 75.0% (CI 95%: 41.4%-93.3%) and 2-year PFS and OS of 80.0% and 93.0%, respectively. The study also included 1 patient with lung metastases detected at 18 F-FDG PET/CT simulation performed before the radiation treatment starts. For this patient, the local control was the main issue due to its importance in prognosis determination and possible cause of death for suffocation. At last follow-up, the patient showed a stable disease at both locoregional and lung level and did not receive indication to systemic therapies. Moreover, during follow-up, 2 patients presented new lung metastases and increased serum Tg levels. They were treated with stereotactic body radiation therapy (SBRT) at lung level followed by molecular targeted therapy (Sorafenib).
The study has obvious limitations mainly related to the small sample size, the retrospective design, and the short observation time. Therefore, our data on long-term treatment tolerance, tumor response, and patients outcome are only partially reliable. However, all patients were treated by the same radiation oncologists (EF, FM) and by the same nuclear medicine physicians (PC, SF) using uniform methods of treatment planning and images evaluation. Furthermore, at the best of our knowledge, this is the first report of salvage 18 F-FDG PET/CT guided IMRT in patients with dedifferentiated locally recurrent thyroid carcinoma. Due to the small sample size, it is difficult to compare results based on patients and tumor characteristics. We can only observe that the response rate was higher in patients with tumor in loggia and lymph nodes, that most patients (3/4) with late skin toxicity had previously shown G3 acute toxicity, and that G3 acute toxicity was higher when the boost was delivered on the lymph node area. Furthermore, we did not observe a clear correlation between tumor response and outcome, being all patients free from local tumor progression. All these differences did not reach statistical significance but they can suggest particular caution in patients with lymph nodes positivity at FDG PET because of increased risk of toxicity. Finally, the short follow-up and the small sample of patients do not allow estimating a correct evaluation of the results with prolonged follow-up.
Only few studies [5, [19] [20] [21] are available in literature about salvage EBRT in patients with locally recurrent thyroid cancer and they are summarized in Table 5 . Currently, the use of EBRT is considered controversial in the salvage management of DTC due to lack of prospective randomized trials and risk of high-dose radiation treatment-related toxicity [5, 22] . We can observe that only our study included a homogeneous sample of patients with dedifferentiated recurrences, while all other studies included data on locally recurrent thyroid cancer with different characteristics. In all the studies, RAI was previously performed but the numerical estimate of patients with thyroid recurrence treated with RAI was reported only in one study (91.7%) [5] . No studies reported the results of 131 I administrations, and consequently the rate of undifferentiated tumors is not known. Moreover, no studies reported the use of FDG PET in radiotherapy planning. Also the outcomes assessment based on different techniques and doses is not feasible because the results were reported on the entire patients cohort and there are
